Spiroplasma biofilm formation explains the role of these wall-less bacteria in the pathogenesis of transmissible spongiform encephalopathies (TSEs). Spiroplasma embedded in the biofilm polysaccharide matrix are markedly resistant to physical and chemical treatment, simulating the biologic properties of the TSE agent. Microcolonies of spiroplasma embedded in biofilm bound to clay are the likely mechanism of lateral transmission of scrapie in sheep and chronic wasting disease in deer via soil ingestion. Spiroplasma in biofilm bound to the stainless steel of surgical instruments may also cause iatrogenic transmission of Creutzfeldt-Jakob disease. Sessile spiroplasma in biofilm attach to the surface by curli-like fibrils, a functional amyloid that is important for spiroplasma entering cells. Curli fibers have been shown to interact with host proteins and initiate formation of a potentially toxic amyloid that multiplies by selfassembly. In TSE, this mechanism may explain how spiroplasma trigger the formation of prion amyloid. This possibility is supported by experiments that show spiroplasma produce >-synuclein in mammalian tissue cultures. The data linking spiroplasma to neurodegenerative diseases provide a rationale for developing diagnostic tests for TSE based on the presence of spiroplasma-specific proteins or nucleic acid. Research efforts should focus on this bacterium for development of therapeutic regimens for Creutzfeldt-Jakob disease.
INTRODUCTION
The concept that a filterable bacterium could be the cause of Creutzfeldt-Jakob disease (CJD) and other transmissible spongiform encephalopathies (TSEs) has been hard to comprehend. How could a wall-less bacterium show extreme resistance to physical and chemical treatments comparable to the transmissible agent of CJD? Much of the problem is that sparse research has been done with Spiroplasma since they were discovered in the 1970s (1) . Concentrated research efforts on TSE have centered on the amyloid protein (prion) that has become a biologic marker of TSE infection (2) . The recent discovery that spiroplasma induce biofilm formation (3) may explain the many attributes of the transmissible agent by this bacterial infection. This new course of investigation in TSEs is extremely important because research efforts can now concentrate on these bacteria for development of diagnostic tests; moreover, the implied involvement of Spiroplasma species in the pathogenesis of TSEs lends itself to new strategies for therapy. Perhaps now we can know the source of the transmissible agent/s of TSE and determine methods of control, at least through removing the animal infections.
THE BEGINNING
Spiroplasma were first linked to TSEs by transmission electron microscopy (TEM) that showed spiral membrane inclusions in brain biopsies and necropsy brains from CJD patients (4, 5) . Similar inclusions have been found in scrapieaffected sheep brains (2) . Although these data were published in 1979 (4), before the prion discovery article in 1982 (6) , the rationale for TSE as a bacterial disease was repressed by the prion protein (PrP)Yonly theory, even though the prion did not fit with classic microbiologic principles. Nonetheless, subsequent polymerase chain reaction (PCR) studies reveal the consistent presence of spiroplasma-related ribosomal 16S rDNA in brains derived from several forms of TSE (7) . There is also some confusion among critics who have challenged Spiroplasma mirum tick isolates as being involved in TSE (8, 9) . It is true that PCR shows that the bacterial ribosomal DNA found in animal and human brains affected by TSE is closely related to S. mirum (7); however, the DNA sequences are not identical to the ribosomal 16S rDNA of S. mirum. It is noteworthy that many disparate species of spiroplasma exist with variable, but related, ribosomal DNA sequences (1) . Some spiroplasma grow well in cultures incubated at 37-C (S. mirum), whereas others are phytopathogens and insect pathogens that only grow at 28-C to 30-C. Therefore, we conclude that the Spiroplasma species associated with TSEs is a novel Spiroplasma species, a conclusion that is supported by culture isolation studies. a formed but dead chick in the control, whereas the spiroplasmainfected egg is only semifluid slurry. This method was used for the original isolation of S. mirum (11) ; in our laboratory, it has consistently yielded spiroplasma organisms from brains affected by various forms of TSE including scrapie, CWD, and CJD (10) . The TSE spiroplasma isolates grow slowly in cellfree SP-4 media, taking nearly 2 months and several passages to produce sufficient numbers for evaluation (10) . The growth pattern of the new spiroplasma isolate from TSE tissues differs markedly from that of laboratory cultures of S. mirum, which reach log phase within 4 to 7 days after inoculation (12) . The TSE spiroplasma isolates are seen in cell-free media by dark-field microscopy (Fig. 1) ; by negative stain electron microscopy, they are seen as tiny filamentous or coiled forms, sometimes entwined (10) . Polymerase chain reaction of those preparations reveal the presence of spiroplasma-related 16S rDNA, as shown in prior TSE tissue studies (7) . Although documentation of spiroplasma by culture isolation into cellfree media and by PCR of animal and human brains affected by TSEs is significant, the TSE research community ignores these data.
EXPERIMENTAL SPIROPLASMOSIS IN RODENTS
The original discovery of S. mirum as a potential animal pathogen resulted from the fortuitous intracranial inoculation of rabbit tick homogenates into suckling mice (13) . The mice developed persistent infection and neurologic deterioration. The suckling mouse cataract agent (SMCA) strain of S. mirum was recovered from the mice via passage in embryonated eggs and considered to be a Mollicute (13) . The recognition of a bacterial inclusion in CJD brain tissues (4) that closely resembled an organism known to produce persistent brain infection in mice (13) motivated Bastian and Tully to undertake a neuropathologic study of rats experimentally inoculated with S. mirum (14) . The GT-48 strain of S. mirum inoculated intracranially into suckling rats induced spongiform encephalopathy in the rat brains in a dose-dependent fashion (15) . Spiroplasma were recovered from all rat brains (15) . Spiroplasma are seen within the vacuole in the rat neuropil by immunocytochemistry (Fig. 2 ). Spiroplasma were shown by TEM as 40-nm filaments intracellularly within neuronal processes in the rat brain tissues (Fig. 3) (14) ; these observations are essentially identical to electron-dense inclusions seen by TEM in the neuropil of mice experimentally infected with scrapie, as reported by Jeffrey et al (16) . Animals given low-dose spiroplasma inoculums show minimal perineuronal vacuolar changes in the neuropil simulating the neuropathology of TSEs (14) . Remarkably, there is no inflammatory reaction to this destructive spongiform process (14) . Spiroplasma show wide morphologic variability in tissues and only 1 tight membranous coil was found in the rat study (14) , suggesting that the spiral form is not a common occurrence in tissues. Thus, spiroplasma are not identifiable by TEM in the brains of rats that had received a low-dose inoculum, although the FIGURE 1. Spiroplasma were isolated into cell-free Sp-4 media from contents of globes and corneas of eyes from sheep (3 of 3) affected with terminal scrapie. The scrapie Spiroplasma isolates are seen on dark-field microscopy as tightly coiled spirals (arrows); they grow slowly in the culture media and cannot be propagated beyond a few passages. Original magnification: 1,000Â. FIGURE 2. Spiroplasma mirum (GT-48 strain) in the vacuolated neuropil of the brain of a rat experimentally infected with spiroplasmosis are identified as immune deposits lining the vacuoles. Vacuolar encephalopathy is the characteristic neuropathology of experimental spiroplasmosis in rodents and in ruminants. Immunocytochemistry was performed without background staining using hyperimmune rabbit sera specific for S. mirum. Original magnification: 450Â.
organisms are readily cultured from those same brain tissues (14, 15) . Spiroplasma mirum are neurotropic after peripheral inoculation (17) . Golgi preparations of these spiroplasmainfected rat brains show marked loss of dendritic spines (unpublished data), essentially identical to CJD-affected human brain tissues similarly examined.
EXPERIMENTAL SPIROPLASMOSIS IN RUMINANTS
Because ruminants are natural hosts for TSE, it was imperative to determine whether spiroplasma induce chronic brain infection in these animals. The SMCA strain of S. mirum inoculated intracranially into deer induces clinical neurologic deterioration at 3.5 to 4.5 months (10). The animals become sick then suddenly progress to wasting, ataxia, and the development of bulbar signs, a clinical spectrum remarkably similar to naturally occurring scrapie in sheep (18) or CWD in deer (19) . Neuropathologic studies show spongiform encephalopathy primarily involving the gray matter of the cortex, cerebellum, and obex. Spiroplasma are recognizable in the obex by immunocytochemistry and TEM (10) . The SMCA strain inoculated into sheep does not produce recognizable clinical signs at 16 months, but neuropathologic studies show spongiform encephalopathy of the sheep brains proportional to the dose of spiroplasma inoculum administered (10) . It is noteworthy that SMCA-inoculated sheep show marked ocular retinopathy (20) that is remarkably similar to the retinopathy characteristic of natural scrapie in sheep (10, 21) and experimental scrapie in mice (22) . Collections of immune-labeled SMCA spiroplasma are seen in sheep eyes in the vitreous and within vacuolated endothelial cells lining the Descemet membrane ( Fig. 4) (20) . No inflammation is seen in the eye tissues. Goats are not susceptible to experimental S. mirum infection and show no clinical signs or neuropathologic findings (unpublished data). Similarly, raccoons are not susceptible to S. mirum (9); thus, along with goats, they represent a host species barrier to these spiroplasma laboratory strains. On the other hand, inoculation of scrapie or CWD spiroplasma isolates into sheep and goats produce typical lesions of TSE in the obex with neurons containing large intracytoplasmic vacuoles (10) . The remarkable similarity of these lesions to naturally occurring scrapie or CWD in these same ruminant hosts suggests that these experimental spiroplasmosis models are ideal for deciphering the pathogenic mechanisms involved in TSEs.
LOCALIZATION OF SPIROPLASMA INFECTION TO THE EYES
The observation that SMCA localizes to the eyes in experimental spiroplasmosis in sheep presents an opportunity to concentrate on TSE-affected eyes for isolation of the punitive spiroplasma (20) . To test our hypothesis, we obtained eyes from sheep with terminal scrapie from the University of Idaho research scrapie herd. The contents of the globes and corneas from 3 scrapie-affected sheep eyes and 1 control sheep eye were inoculated in SP-4 media. After 2 weeks' incubation at 30-C, the media inoculated with scrapie-affected eye materials turn acidic and spiroplasma are seen by darkfield microscopy in the cell-free media (20) . The Spiroplasma species isolated from the scrapie-affected eyes grow with difficulty in the SP-4 media and cannot be propagated beyond FIGURE 4 . A cornea from a sheep with experimental spiroplasmosis examined at 16 months after intracerebral inoculation of the suckling mouse cataract agent (SMCA) strain of S. mirum shows vacuolated endothelial cells lining the Descemet membrane containing numerous immune-labeled spiroplasma. Spiroplasmosis shows a tendency to localize to the eyes; corneal endothelial cell infection may relate to iatrogenic transmission of CreutzfeldtJakob disease via corneal transplants. Immunocytochemistry was done using hyperimmune rabbit sera against the SMCA strain of S. mirum. Original magnification: 1,000Â. 3 to 4 passages (Fig. 1) . Nonetheless, the scrapie spiroplasma isolates experimentally induce persistent infection in mouse neuroblastoma cells (Fig. 5 ) and bovine corneal endothelial (BCE) cell cultures (20) , with prominent cellular vacuolization and apoptosis. Fluorescence microscopy of BCE cell cultures infected with the scrapie spiroplasma isolate using SMCAspecific rabbit sera labeled with fluorescein isothiocyanate shows no cross reactivity with laboratory S. mirum strains (20) , strongly indicating that the scrapie spiroplasma isolate is a novel Spiroplasma species. The new Spiroplasma species is seen in BCE cultures by TEM (Fig. 6) (20) . The isolation of Spiroplasma species from eyes of scrapie-affected sheep confirms the consistent association of spiroplasma with the TSEs, and the concentration of spiroplasma in sheep eyes provides a resource for future research studies.
BREAKTHROUGH RESEARCH: SPIROPLASMA INDUCE BIOFILM FORMATION
Documentation of the consistent association of a spiroplasma infection with the TSEs was a remarkable step forward in TSE research but does not itself explain the biologic properties of the transmissible agent in TSE-affected brain tissues. A major research breakthrough occurred with the discovery by scanning electron microscopy (SEM) that spiroplasma induce biofilm on a variety of hard surfaces, including mica, glass, stainless steel, and nickel (3). Spiroplasma in the biofilm become coated with a polysaccharide material that resembles barnacles forming on a ship (3). These early changes are seen after 1 week in culture, and spiroplasma are seen by SEM as spiral or filamentous forms that become embedded in a granular matrix (3). Spiroplasma, like other Mollicutes, also form large excrescences referred to as tower structures in the biofilm (23, 24) (Fig. 7) . The bacteria within these towers possess biologic properties different from those of planktonic (i.e. free swimming) or other sessile forms in the biofilm (25) . Spiroplasma biofilm continues to form during the stationary phase growth cycle, and the embedded spiroplasma remain viable even after drying (3). It is noteworthy that SEM of S. mirum biofilms shows amyloid as fibrillar attachments of the cells to the surfaces (Fig. 8) . These fibrils represent a functional amyloid produced by sessile bacteria in biofilms (26) . In long-term cultures extending to 5 weeks, spiroplasma are seen in the biofilm as mostly coccoid forms (3). Interestingly, S. mirum in biofilm on mica and nickel form long (92 Km) nanotubular conjugate connections between the coccoid bacterial forms (Fig. 7) . Bulbous swellings along these spiroplasma intercellular connections suggest active intercellular transport (3). Such nanotubular connections have only recently been discovered between bacteria and represent a novel previously unrecognized form of intercellular communication (27) . Spiroplasma show avid attraction to nickel as shown for other bacterial biofilms (3, 28) , therein providing a useful tool for isolation and study of the new spiroplasma TSE isolates.
Although most of the spiroplasma species tested show biofilm formation, there are some species differences. Spiroplasma melliferum show minimal sessile forms on mica but rather large clumps of entwined spirals and filaments, which may reflect on the ability of these spiroplasma to bind to clay (3). The GT-48 strain of S. mirum (which is considered more virulent than the SMCA strain as determined from rodent studies [1] ) shows abundant biofilm formation on mica, suggesting that they are capable of binding to clay. The binding of S. mirum biofilm to stainless steel, as demonstrated by SEM and lectin staining (3), represents a plausible mechanism for transmission of CJD via surgical instruments (2) . The possibility of iatrogenic transmission of CJD on stainless steel is supported by the remarkable resistance of the GT-48 strain of S. mirum within biofilm to 50% glutaraldehyde (3). The SMCA strain is much less resistant to fixatives (unpublished data). The GT-48 strain also shows significant resistance to heat and radiation, more so than the SMCA strain (unpublished data). These experiments have to be repeated using the scrapie spiroplasma isolates in biofilm to define the biologic properties of the TSE-related Spiroplasma species.
AMYLOID IN SPIROPLASMA BIOFILM: CURLI-LIKE FUNCTIONAL AMYLOID IN SPIROPLASMA BIOFILMS
Spiroplasma biofilm contains curli fibers (Figs. 7, 8) (3). Curli fibers are functional amyloid proteins that are widespread in bacterial biofilms (29) . Curli are produced by the bacteria primarily as a mechanism for attaching and entering host cells (30) . Curli amyloid provides internal structure to the biofilm (31) . The mechanism of curli fiber formation (as a controlled amyloid formation) is well worked out in Gramnegative bacteria (32Y34). This functional amyloid has been documented in Gram-positive bacteria (29, 31) , from which spiroplasma are derived by degenerative evolution (1) . A peculiar feature of bacterial curli fibers is the tendency to combine with normal host proteins and create misfolded amyloid proteins (26) . The functional amyloid forms a nidus or seed for the host-related amyloid, allowing it to increase in amount by self-assembly (35, 36) . It is noteworthy that curli fibers react with proteins having less than 30% homology (34, 37) , although the combinations tend to be highly specific for that bacterium (37) . Inoculation of curli fibers into susceptible mice has produced protein A amyloidosis (38) , and curli fibers generate extracellular amyloid aggregates (39) . We propose that this same mechanism is responsible for the accumulation of prion amyloid in TSEs.
SEEDING MECHANISM OF AMYLOID GENERATION
Recently, there have been attempts to link neurodegenerative brain diseases to bacterial infections (32, 40) . Accumulation of toxic aggregates of A-amyloid in Alzheimer disease is thought to be caused by an endogenous seed that initiates the process (41), followed by an increase of A-amyloid by self-assembly (36) . In the case of TSE, the primary event is conversion of host PrP to a fibrillar or amyloid state (42) . The seeding mechanism with prion is enhanced by sonication (42) , which has become the basis for the protein misfolding cyclic amplification test (43) . It is noteworthy that the increase in PrP in the protein misfolding cyclic amplification procedure is not accompanied by an increase in infectivity (44) , suggesting that another factor is involved. The transmission of TSE via stainless steel wires exposed to scrapie may be caused by spiroplasma biofilm on the wire (45) . Transmission of mouse senile amyloidosis by amyloid injection or oral feedings suggests that, once amyloid is formed, it is transmissible (46) . Because prion amyloid deposition is a significant part of the TSE disease process, we propose that spiroplasma interact with the host PrP protein as a trigger mechanism for generation of the toxic prion.
SPIROPLASMA GENERATION OF AMYLOID IN VITRO
Although there has been no clear documentation that laboratory strains of S. mirum infection induce amyloid deposits in vivo, spiroplasma have been identified in and cultured out of TSE tissues (10) , indicating that these bacteria are involved in the pathogenesis of these diseases. It is noteworthy that >-synuclein has been demonstrated in spiroplasmainfected mammalian cultures (personal communication, Ji-Ming Feng, LSU School of Veterinary Medicine), indicating that spiroplasma are capable of forming amyloids considered unique to neurodegenerative diseases. Alpha-synuclein is seen in CJD tissues in 15% of hereditary cases, and it is not specific for Parkinson disease (47) and may represent a bacterial origin.
IATROGENIC TRANSMISSION OF CJD
The discovery that spiroplasma within biofilm are highly resistant to chemical and physical treatments suggests that this process may be responsible for iatrogenic transmission of TSE (2, 3). The iatrogenic transmission of CJD via surgical instruments is especially effective if the instrument is dried, whereas instruments kept wet are able to be cleansed (48) . Stainless steel wire is infectious after exposure to scrapie brain homogenates (45) and serves as a model to study transmission of TSEs. It has not been determined if the infectivity and amyloid on the wire surface are related to prion or something else (49) . We hypothesize that PrP is not the surrogate marker for TSE infectivity. We propose that spiroplasma biofilm is produced on the metal wire surface and is responsible for transmission. Our spiroplasmosis model in sheep (20) provides a mechanistic explanation for the iatrogenic transmission of CJD via corneal transplants (2) . Spiroplasma are seen in abundance in the vitreous in eyes obtained from experimentally spiroplasma-infected sheep (20) . This scenario explains why ophthalmic surgical instruments are easily contaminated by CJD infectivity when working in the posterior globe (50, 51) . Also, corneal transplants potentially allow for passage of infectivity via the endothelial cells lining the Descemet membrane that are laden with pathogenic spiroplasma (Fig. 4) (20) . Spiroplasma biofilm likely forms in vivo on the endothelial surface of the cornea of CJD-affected eyes, and endothelial cell lesions are potentially visible by ophthalmic examination. It is remarkable that blindness caused by severe retinopathy in sheep experimentally infected with spiroplasma or in sheep terminally infected with scrapie (personal communication, Sharon Sorenson, University of Idaho) is not detectable by cursory clinical examination (10, 20) . Although Alzheimer disease patients show retinopathy (52) , no such pathologic studies are available in CJD cases because of reluctance to extend necropsy studies to the eye. Our spiroplasma research studies would suggest that the eyes in CJD patients are infectious and, therefore, that ophthalmic examinations may be important in recognizing retinopathy or corneal lesions in these cases for making the diagnosis at an earlier stage of disease.
EVIDENCE OF A SOIL RESERVOIR FOR TSE
It has long been recognized that CWD is transferred horizontally from deer to deer when in close quarters (53) , but the mechanism is not known. Chronic wasting disease is spreading to new regions of the country with a propensity for geographic areas with a high clay soil content (54) . Transmissible spongiform encephalopathy infectivity survives in upper clay layers of soil and is resistant to digestion (55, 56) , suggesting a soil reservoir for CWD infection. We hypothesize that, because spiroplasma strongly bind to mica, microcolonies of spiroplasma localize to the upper clay layers of soil that are readily available for ingestion by ruminants (57, 58) . Scrapie is transmitted into sheep via the oral route (59) . Documentation of long conjugate connections between spiroplasma (Fig. 7 ) (3) may allow for communication between organisms separated by soil particles, which is essential for development of soil microcolonies. The most likely scenario is that the transmissible agent is shed into the soil via saliva, urine, feces, or decomposing carcasses (60, 61) . Deer and other ruminants ingest the contaminated soil and become infected. The basic concept is that spiroplasma microcolonies survive as biofilm in the soil and therein are protected from environmental factors.
AUTOPHAGY IN BACTERIAL AND NEURODEGENERATIVE DISEASES
The primary lesion seen by TEM in scrapie-and CJDaffected brains is accumulation of lipid-laden autophagosomes and lysosomes (2) . These lesions are caused by blockage of the autophagy homeostatic process and may lead to the spongiform alteration of the neuropil (62) . Cell starvation caused by loss of amino acids is a potent stimulator for blocking autophagy (63) . It is noteworthy that a genome study of S. mirum (GenBank CP006720 [S. mirum ATCC 29335]) shows that the organism does not have the biochemical machinery to produce amino acids (64) . Spiroplasma infection may deplete the supply of amino acids in the host cell, which leads to dysfunction of autophagy in the cell. Preliminary studies have shown lipid droplet formation in BCE cells infected with spiroplasma (unpublished data) and TEM of spiroplasmosis in rats (14) shows autophagosomes, which are a manifestation of disruption of autophagy (65) . Disrupted autophagy is a means whereby intracellular bacteria are able to survive (66) . Autophagosome accumulation is seen in almost all neurodegenerative processes, albeit not as severe as in CJD or scrapie (2) . Oxygen radical damage may in part account for these lesions (67) . Spiroplasma infection in the rat treated by hyperbaric oxygen shows growth stimulation of this organism by the oxygen radical (68), simulating the aggravating effects of hyperbaric oxygen on scrapie in mice (69) . It is presumed that oxygen radical damage is important in the formation of the vacuoles associated with spongiform degeneration, which is seen both in TSE and in experimental spiroplasmosis.
IMPORTANCE OF GLIOSIS
Astrocytosis is characteristic of all neurodegenerative processes but is especially abundant in TSEs, wherein it is considered a hallmark of the disease (70) . The proliferation of astroglia occurs early in TSEVbefore the onset of spongiform change and neuronal loss (70) . Recently, astrogliosis has been shown to disrupt dendritic spines (71), a phenomenon seen in Golgi preparations of CJD and other neurodegenerative diseases (2, 72) . It is noteworthy that astrogliosis is prominent in experimental spiroplasmosis in deer (20) and is seen early at 1.5 months after inoculation (10); it is especially prominent in the neuronal layer of the retina (20) . The SMCA strain inoculated onto mouse astrocyte tissue cultures produces persistent infection (Fig. 9 ) (20) with prominent expression of glial fibers (unpublished data) (Fig. 10) . This process simulates the changes associated with inoculation of similar cultures with scrapie brain homogenates (70, 73) . It will be important to study the stimulation of astrogliosis by spiroplasma as a model for these unique TSE lesions.
GENETIC FACTORS AND FAMILIAL CJD
Genetic data on CJD cases are routinely collected, and a comprehensive listing of susceptibility genes that could affect the manifestation of the disease by different strains of the transmissible agent/s is available (74) . Future studies may sort out the relationship of these genetic data to involvement of different spiroplasma strains. The occurrence of familial forms of the disease is hard to understand as an infectious process. Gerstmann-Straussler-Scheinker (GSS) syndrome and fatal familial insomnia (FFI) are genetic forms of TSE attributed to mutations of the PrP gene on chromosome 20 (75) .
There is no good explanation for these phenomena based on the prion theory alone particularly because protease-resistant prion deposits are absent in some brains with characteristic GSS neuropathology (75) . Moreover, GSS and FFI are not purely genetic because both heredity forms have been transmitted to animal models (75, 76) . There are some avenues of support for spiroplasma being involved in hereditary CJD cases. An important related observation is that the ovaries are infectious in scrapie-affected sheep (77, 78) . Although we have shown spiroplasma to seek out brain and lymphoid tissues after peripheral inoculation (17), this may not necessarily be neurotropism but may instead be attraction to lipid-rich organs, which, in scrapie, may include endocrine glands and the ovary (79) . It is noteworthy that spiroplasma localize to the ovary of insects, resulting in phenotypic abnormalities in the offspring (80) . The mechanism is transovarian passage in the insect, with anomalies produced in the offspring simulating a familial disease (81) . Perhaps this mechanism of transmission may be operative in GSS or FFI and would surely account for persistence of spiroplasma infection in the lineage. On the other hand, spiroplasma infection may be able to alter the genome of the host, as suggested by evidence that spiroplasma are gene manipulators (82) . We have noted chromosome abnormalities FIGURE 9. Spiroplasma mirum produce persistent infection in mouse astrocytes. Spiroplasma antigens within cells and cellular processes (white arrows), on the cell surface, and free within the media are shown by immunofluorescence using hyperimmune rabbit sera specific for S. mirum. The cell culture shows minimal cytopathology. Spiroplasma mirum produce persistent infections in a wide variety of mammalian cells including mouse neuroblastoma (Fig. 5) and bovine corneal endothelial cells (20) . Original magnification: 650Â. in tissue cultures infected with the GT-48 strain of S. mirum that are remarkably similar to the chromosome damage after radiation treatment (unpublished data). Similar chromosome abnormalities are commonly seen in tissue culture infected with mycoplasmas (83) . Other explanations may include the action of bacterial DNA binding proteins or transformation or transfection wherein the bacterium inserts exogenous genetic material into animal cells (84) . Therefore, there are several possibilities whereby spiroplasma could behave in the fashion of perpetual infection in GSS by insertion into or alteration of the host genome yet be transmissible. The role of spiroplasma, especially the uniqueness of the strain involved, in GSS or FFI can only be deciphered by experimentation.
FUTURE RESEARCH DIRECTIONS: LINKING SPIROPLASMA AND THE PRION AMYLOID
Prion deposits are one of the hallmarks of the neuropathology of TSEs (70) . Therefore, it is essential to understand their relationship to spiroplasma. Experimental spiroplasmosis by laboratory strains of S. mirum has not as yet induced the formation of classic prion deposits, although the SMCA strain produces misfolded amyloid proteins (i.e. >-synuclein) in vitro (personal communication, J. Feng, Comparative Biomedical Sciences, LSU School of Veterinary Medicine). Studies are underway to facilitate the growth of the scrapie spiroplasma isolates, which are more likely to produce prion amyloid. Because our hypothesis is ''functional bacterial amyloid (curli) produced by spiroplasma in biofilm will induce prion amyloid formation,'' we propose that spiroplasma biofilm proteins in combination with a PrP source be submitted to repeated sonications, as in the protein misfolding cyclic amplification test (43) . However, it may be important that this experiment use components of biofilm induced by scrapie spiroplasma isolates, which are not yet available. Furthermore, it is essential to establish animal models in both rodents and ruminants using the scrapie spiroplasma isolates. Success in this endeavor, especially if we are able to develop specific antibodies against these novel spiroplasma, will allow us to further determine the relationship between spiroplasma localization and prion deposition in the brain (85) . Localization to the eye seems to be the case in natural scrapie because of the ease of isolation of spiroplasma from eyes of sheep with terminal scrapie (20) , but that observation can be confirmed with availability of specific antibodies. Once we have established the spiroplasma model in either mice or ruminants using scrapie spiroplasma isolates, we will be able to study spiroplasma and prion deposition at different time points of disease progression because there seems to be distinct strain-related patterns (86) . We can extend these studies to immunohistochemistry on brain tissues from different subtypes of CJD (87) . Spiroplasma have not so far been studied in tissues from new-variant CJD because of the inaccessibility of new-variant CJDYaffected brain samples in this country. These studies can be combined with molecular studies, especially in situ hybridization, to support our conclusions.
Molecular studies have been underused in studies of TSE because of the supposition that the transmissible agent does not possess a nucleic acid component. On the other hand, we have shown by PCR and Southern blotting that there is a link between a spiroplasma strain found in scrapie-affected brain and that associated with CWD (7) . As suspected, all of the CWD spiroplasma strains are identical and seem to be derived from one source. Multiple spiroplasma strains are present in different scrapie-affected brain samples, whereas a different spiroplasma strain population is associated with CJD. We should follow up on these interesting findings and determine if we can use molecular studies to define and separate the many disparate strains of the scrapie agent, which are thought to number 25 or more (86) . We can use molecular studies to evaluate whether different spiroplasma strains are associated with the varying distinct patterns of prion amyloid seen on Western blotting (87) . With the wealth of genetic data available with regard to susceptibility to different prion strains (74), we should use molecular studies to compare spiroplasma infection against different strains of sheep and show the vulnerability of animals with different genetic makeup to spiroplasma infection. There is evidence that human leukocyte antigen may be a factor in susceptibility to TSE (88, 89) , and animals with different major histocompatibility complex types should be investigated in relation to susceptibility to spiroplasma infection and prion amyloid deposition. These courses of investigation should provide an essence of the relationship between spiroplasma and prion amyloid and their interdependent roles in the pathogenesis of TSEs.
STRATEGY FOR RESEARCH STUDIES
The remarkable similarities between experimental spiroplasmosis and TSE show spiroplasma-induced encephalopathy to be a workable model for TSE. Ideally, it will be best to establish the experimental spiroplasmosis model using the Spiroplasma species isolates derived from scrapie-affected brains or eyes (10, 20) or from CWD-affected deer brains (10) . Ruminants experimentally infected with TSE spiroplasma isolates represent the model closest to natural disease in these same hosts because they show typical lesions in the obex and long incubation periods (10) . It will be important to determine how the spiroplasma enter the cell and set up an intracellular location without being attacked by the host cell or the immune system. Mollicutes species are known to induce biofilm in vivo (90) , and it is possible that the eye infection in experimental spiroplasmosis in sheep is an in vivo example (10) . Planktonic organisms in the blood form biofilm when they enter the tissues (91), and unique pathogenicity-related proteins are produced in the biofilm as well as polysaccharide matrix (92) . Investigations in how to stop the biofilm-forming disease process may be helpful in controlling TSE.
STRATEGY FOR DIAGNOSIS
The continual presence of spiroplasma infection in TSE makes it reasonable to pursue PCR studies to detect the bacterial DNA in these diseases for the purpose of developing a screening test. For the past 15 years, there have been numerous attempts to develop diagnostic tests based on detection of the prion (93, 94) . These tests are elaborate and difficult to perform, and the test reliability is only near 50% (personal communication, P. Gambetti, Prion Center), similar to the nonspecificity of the 14-3-3 spinal fluid test (95) . A serologic diagnostic test may be developed in the near future on the basis of circulating antibodies against spiroplasma-specific proteins. Spiroplasma have unique proteins on the surface of the organism, including adhesin and spiralin (1) . A spiroplasmaspecific Hsp60 heat shock protein is likely present in the spiroplasma biofilm (96) . It is noteworthy that recombinant spiroplasma heat shock protein has been used in ELISA for detection of more than 95% of CJD cases (97) . In summary, there are endless possibilities for developing a future diagnostic test for TSEs based on spiroplasma-specific proteins and/or nucleic acids.
STRATEGY FOR TREATMENT
The development of a vaccine to control TSE based on the prion has only been partially successful (98) . The problem in following this line of research is the danger of ending up with an autoreactive PrP antibody, which would be difficult to implement because of potential side effects (99) . Vaccine development against infection-specific proteins associated with spiroplasma infection might provide protection against TSE. A workable vaccine could be used to remove the animal reservoir of TSE infection by protecting the susceptible cattle population. Antibiotics currently are not effective in TSE, except that tetracycline inhibits development of experimental scrapie infection in mice (100) . There are no known bacteriocidal drugs that are effective against spiroplasma. Spiroplasma mirum are susceptible only to bacteriostatic drugs such as tetracycline or erythromycin (unpublished data) (1). Presumably, new antibiotics will be developed to handle pathogenic spiroplasma once the scientific community supports this course of action. Even so, workable diagnostic tests including PCR and serology must be available so that therapy can be given early enough to prevent brain destruction associated with the TSEs.
CONCLUSIONS
Progress in therapeutic and diagnostic studies on TSE has been stymied and is unreliable because the focus of research on TSEs has been limited to prions. In this review, I show that production of biofilm by spiroplasma cogently defines its role in the pathogenesis of TSE. Spiroplasma embedded in biofilm possess the same remarkable biologic properties attributed to the transmissible agent. The demonstration of functional curli amyloid in spiroplasma biofilms provides insight into the mechanism whereby misfolded amyloid proteins accumulate in bacterial infections. The formation of >-synuclein in spiroplasma tissue cultures makes it feasible that spiroplasma are able to trigger the formation of other misfolded amyloid proteins; determining the relationship between spiroplasma and the prion is paramount in linking spiroplasma to the TSEs and, therein, understanding the pathogenesis of these diseases. Biofilm formation by spiroplasma explains many of the enigmas associated with the TSEs. Transmission of CWD via soil ingestion by ruminants is entirely plausible because biofilm associated with spiroplasma microcolonies binds to mica (clay particles). Iatrogenic transmission of CJD may be caused by spiroplasma biofilm developing on surgical instruments. These cumulative data support Spiroplasma as a candidate causal agent in TSEs (101), thereby providing another approach to developing serologic diagnostic tests for TSEs. Serology, along with DNA PCR probes for spiroplasmosis, may resolve the quandary regarding the mystifying epidemiology of human and animal TSEs. Recognition of spiroplasma as a human pathogen may lead to new therapeutic strategies for TSE, especially in the use of antibiotics or vaccines. Our conclusion is that spiroplasma should be the focus of future TSE research efforts. Hopefully, this review will stimulate others to pursue this line of investigation.
